Abstract-It is found that in Belgorod oblast during 2010-2014, cadmium mainly came into agrocenoses with organic fertilizers (0.4 g/ha, or 73.9%) and ameliorants (0.116 g/ha, or 21.4%). The lowest total content of cadmium in the A horizon (0.22 mg/kg) was noted in meadow-chernozemic soil (Greyzemic Stagnic Chernic Phaeozem (Clayic, Pachic)) developed on old alluvial calcareous deposits, and its highest content (0.42 mg/kg) was found in ordinary chernozem (Haplic Chernozem (Clayic, Pachic)), where loess-like clay is the main parent rock. Virgin leached chernozem (Luvic Сhernozem (Loamic, Pachic)) formed on loesslike loam, contained 0.33 mg Cd/kg in the A horizon, which almost coincided with the mean content of this element (0.32 mg/kg) in the plow layer of leached chernozems on reference plots. No exceeding of the tentative permissible concentration of cadmium was revealed in arable soils. In crops, the content of cadmium was highest in sunflower seeds (0.086 mg/kg) and soya beans (0.072 mg/kg), and lowest in peas (0.032 mg/kg) and white lupine beans (0.013 mg/kg). The biological adsorption factor varied within the range from 0.97 (while lupine beans) to 10.8 (sunflower seeds) for target agricultural crops and from 0.41 (while lupine straw) to 4.63 (soya straw) for side products.
INTRODUCTION
In the current Russian agroecology, much attention is given to the contamination of soils with heavy metals (HMs), which is quite explicable, because the level of anthropogenic load on the environment permanently increases. In view of the high spatial variability in the distribution of HMs, the determination of their content in the biosphere components in specific regions remains an important problem [1] . Therefore, the Program of State Agroecological Monitoring implemented by the Agrochemical Service of Russia provides for the study of the content of HMs, including cadmium, in soils and agricultural plants [13, 18] .
Cadmium is one of the elements permanently present in plant and animal tissues, but even its small amounts do not participate in any known biochemical process in living organisms (SanPiN 2.3.2.1078-01). According to Vinogradov [2] , no information about the physiological significance of the element permanently found in living organisms indicates only chemical problems in their preparation [2] .
Cadmium is considered one of the most toxic HMs for living organisms and the most mobile in soils [4, 7, 19, 20, 27, 28] . At present, its mutagenic, teratogenic, and carcinogenic properties are revealed. By the degree of toxicity, cadmium belongs to hazard class I (highly hazardous substances) (GOST 17.4.1.02-83). However, some authors rightfully affirm that the expression "heavy metal" should be excluded, but the rate and form of compound in which the toxicity of the element is manifested should be indicated [12] . Almost all elements can be toxic when they are present in high contents, and very low concentrations of potentially toxic elements have no harmful effect on soils, plants, and animals [1, 11] .
Cadmium in plants shows phytotoxicity, which is manifested in the hampering effect on photosynthesis, disturbance of transpiration and CO 2 fixation, and inhibition of biochemical processes in microorganisms. The high phytotoxicity of cadmium is due to the similarity of its chemical properties to those of zinc. Therefore, cadmium can double zinc in many geochemical processes and disturb the functions of some enzymes. In the presence of an excess amount of this element in plants, the contents of phosphorus, calcium, magnesium, iron, and zinc decrease [1, 11, 19] . According to the authors studying the signs of toxicity in agricultural plants, cadmium is more toxic than other metals in 2-20 times [8] . Signs of cadmium toxicity vary among plant species: leaf chlorosis (which is
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a common characteristic sign), appearance of purple color, leaf rolling, and growth inhibition [22] . The highest content of cadmium is localized in roots, and significantly lower contents are found in aboveground plant organs, especially generative organs; i.e., a selective distribution is observed because of the presence of several barriers limiting the input of the toxic element with the upward flux of matter [11] .
Permissible contents of this element in agricultural raw materials and tentative maximum permissible contents in fodders for agricultural animals are established in Russia. For example, the permissible level for food grain is 0.1 mg/kg (under standard water content), and the maximum permissible level for fodder grain is 0.3 mg/kg [5, SanPiN 2.3.2.1078-01].
Tentative permissible concentrations (TPCs) are established for the regulation of total cadmium content in soils. In contrast to maximum permissible concentrations (MPCs), TPCs are established by calculation rather than experimentally. The TPC of cadmium is 0.5 mg/kg in sandy and loamy sandy soils; in loamy and clayey soils with pH < 5.5, this value doubles and reaches 1 mg/kg; in soils with pH > 5.5, the value doubles again and reaches 2 mg/kg (Hygienic Norms GN 2.1.7.2511-09).
Russian Regulations establish no MPC or TPC for mobile cadmium in soils. From the results of experimental studies, the value corresponding to the contamination of the least tolerant agricultural crop (0.7 mg/kg soil) can be reasonably taken as the MPC of mobile cadmium forms in chernozemic soils [25] .
The aim of this work was the ecological assessment of cadmium content in soils and plants of the Central Chernozemic Zone of Russia. To reach the aim set, three main tasks were solved: to study the main sources of cadmium input into the soils and the formation features of the element balance in agrocenoses, to assess the distribution of cadmium in arable and virgin soils of the region, and to assess the content of cadmium in virgin plants and major agricultural crops.
OBJECTS AND METHODS
Studies were fulfilled in the forest-steppe zone of Belgorod oblast, Central Chernozemic Zone. Data of local agroecological monitoring, which was performed on 20 reference plots of the forest-steppe zone in 2010-2017, were used. Reference plots were established in each administrative district of the oblast; these were fields or parts of a field 4-40 ha in area 1 . The soil of reference plots consists of leached chernozem (Luvic Chernozem (Loamic, Pachic)). In the 0-to 20-cm layer, the mean content of available phosphorus determined by the Chirikov method was 139 mg/kg, and the content of exchangeable potassium was 119 mg/kg. The content of total exchangeable bases was 39.8 cmeq/kg soil; pH KCl was 5.3; was 6.4. The content of organic matter by the Tyurin method was 5.3%.
The total cadmium content (5 M HNO 3 as extractant) and the concentration of mobile element forms in the soil extractable by ammonium acetate buffer with pH 4.8 were determined by atomic emission spectroscopy according to M-MVI-80, 2008. The total element content in organic fertilizers and crops was determined by common procedures for agrochemical service 2 .
Statistical processing of local monitoring data was performed using the confidence interval for the mean values ( ± t 05 s ) and the coefficient of variations (V, %).
The selective adsorption of chemical elements by agricultural crops was characterized by the biological adsorption factor, which is calculated as the ratio between the element content in plant ash and its content in the arable soil layer.
RESULTS AND DISCUSSION
Sources of cadmium input into the soil. The main sources of soil contamination with cadmium in the European Union countries are emissions from zinccadmium (60% of total contamination) and coppernickel (23%) smelters, as well as the burning of fuel (10%) and gasoline (3%). The other contamination sources make up 4% [26] . In Belgorod oblast, these are no similar enterprises; therefore, fertilizers and ameliorants are the main sources of cadmium input into the soil.
Russian mineral fertilizers should not be considered as an important source of soil contamination with cadmium. From our data, the content of cadmium is 0.04 mg/kg in ammonium nitrate and 0.10 mg/kg in azophoska (nitrogen-phosphorus-potassium fertilizer). Khibiny apatites, which serve as raw material for phosphoric fertilizers, contain little cadmium. However, in some foreign countries, including Australia and China, cadmium present in phosphoric fertilizers is an important source of soil contamination [29, 30] .
The main sources of HM input into agrocenoses include organic fertilizers, which strongly vary in the content and proportions of elements. The mean concentrations of cadmium in cattle manure, strawchicken manure compost, and manure effluents are 0.84, 0.153, and 0.008 mg/kg, respectively ( and 0.38 g Cd/ha will be added to the soil, respectively. In the Central Chernozemic Zone, some amount of HMs gets into the soil with defecate (waste from sugar mills), which is widely used as ameliorant in liming acid soils. The mean content of cadmium in defecate is 0.297 mg/kg. In 2010-2014, 4.82 t/ha organic fertilizers (in terms of cattle manure) were applied on the average in Belgorod oblast, as well as 97.9 kg a.i./ha mineral fertilizers and 0.39 t/ha ameliorant. During this period, cadmium mainly came into agrocenoses with organic fertilizers (0.4 g/ha, or 73.9%) and ameliorants (0.116 g/ha, or 21.4%). We estimate the input of element as only 0.017 g/ha (3.1%) with mineral fertilizers and as 0.008 g/ha (1.6%) with seeds.
Water erosion is one of the main types of arable soil degradation in Belgorod oblast. About 3235000 t soil (1.92 t per conventional hectare of plowland) is lost in the oblast annually, as well as some amounts of macroand microelements [21] . The withdrawal of cadmium from agrocenoses mainly occurred together with the lost soil (0.61 g/ha, or 74.4%) and with crop, although in a significantly smaller amounts (0.21 g/ha, or 25.6%). In general, a negative balance of cadmium was created (-0.279 g/ha). The balance intensity (ratio between the input and output items expressed in percentage) was 66%.
Content of cadmium in soils. According to Vinogradov [3] , the clarke (natural abundance) of total cadmium content in soils is 0.5 mg/kg. From current estimations, the element clarke in the world soils is 0.41 mg/kg [24] . The variation range of this element in soils is relatively wide. For example, some authors estimate it as 0.01-0.7 mg/kg [23] . The variation range of total cadmium is estimated as 0.01-2.31mg/kg in soddy-podzolic soils of Russia, 0.03-0.7 mg/kg in gray forest soils, 0.75-1.15 mg/kg in alluvial soils, and 0.01-1.0 mg/kg in chernozems [6, 9, 10, 16, 17, 19] . Cadmium is most mobile in acid soils (pH KCl 4.5-5.5), while it is relatively immobile in alkaline soils. In soils, cadmium can disturb the fixation of atmospheric nitrogen and reduce the intensity of ammonification, nitrification, and denitrification [15] .
Cadmium in uncontaminated soils is present in amounts determined by its content in the parent rock. Among the parent rocks, the highest cadmium content is typical for clays, clay shales, and loesses, and the lowest content is typical for sands and loamy sands.
Meadow-chernozemic soils (Greyzemic Stagnic
Chernic Phaeozems (Clayic, Pachic)) developed on old alluvial calcareous deposits containing 54.8% physical clay are characterized by the lowest total cadmium content in the humus-accumulative horizon (0.22 mg/kg). Virgin leached chernozem of the Yamskaya Step reserved plot, which is developed on loess-like loam with 59.4% physical clay, contains 0.33 mg/kg cadmium in the A horizon ( Table 2 ). The lowest total cadmium content (0.42 mg/kg) is observed in ordinary chernozem (Haplic Chernozem (Clayic, Pachic)), where loess-like clay with 73.6% physical clay is the parent rock.
Local monitoring data showed that the mean total cadmium content in the plow layer of soils on the reference plots of Belgorod oblast is 0.32 mg/kg, which is lower than the element clarke in soils ( Table 3 ). The total cadmium content reliably decreases with depth. This can be related to the biophilous accumulation of the element in the humus horizon. No exceeding of the element TPC is noted.
The background content of mobile cadmium forms in the A1 horizon of leached chernozem on the Yamskaya Step reserved plot is 0.07 mg/kg, which almost coincides with its content in the 0-to 20-cm layer of arable chernozems. On the reference plots, the content of mobile cadmium forms does not change with depth; it is 21.9-31.0% of the total amount.
Content of cadmium in plants.
The chemical composition of each plant species is related with the chemical composition of the environment, in which the species was developed. The combinations and concentrations of the elements, which are predominant in soils of the area of species formation, came into the organisms, were fixed by evolutional selection, and were inherited. Therefore, the chemical composition of plants can retain signs of the chemical composition of the original environment [1] .
The content of cadmium in agricultural plants varies in a very wide range depending on the biological features of the species and cultivar, element concentration in soils, chemicals used, etc. The mean content of cadmium is estimated as 0.12 mg/kg in cereal crops and 0.33 mg/kg in legumes [11] . From the generalized data, the content of this metal is within the range 0.02-0.38 mg/kg dry matter in barley plants and 0.04-3.9 mg/kg in corn plants [28] . In the virgin steppe herbs (with the dominance of feather grass, sheep fescue, June grass), the mean content of cadmium was 0.053 mg/kg. From the results of local agroecological monitoring, sunflower was characterized by the highest background content of cadmium among the studied agricultural crops. The mean content of cadmium in its seeds was 0.086 mg/kg, which was more than double that in wheat or corn grain (0.042 mg/kg). The mean content of the element in soya beans was slightly lower (0.072 mg/kg). Lowest contents of the element were found in peas (0.032 mg/kg) and white lupine beans (0.013 mg/kg). According to the content of cadmium in the main product, the studied cultures form the following decreasing series: sunf lower > soya > corn, winter wheat > sugar beet > barley > pea > white lupine.
In the side products of winter wheat, barley, sugar beet, corn, and soya, the content of cadmium was higher than in the main products in 1.31, 1.36, 1.83, 1.40, and 1.15 times, respectively. In the side products of pea, white lupine, and sunflower, the content of cadmium was higher than in the main products in 1.45, 1.63, and 1.23 times, respectively. According to the cadmium content in the side products, the cultures form the following decreasing series: soya > sugar beet > sunflower > corn > winter wheat > barley > pea > white lupine (Table 4) .
For the lack of data characterizing the tolerance of agricultural crops to the high concentrations of this toxicant in chernozemic soils, microfield model experiments were performed in Belgorod oblast. It was found that when the content of mobile cadmium forms in the soil increased from 0.35 to 2.5 mg/kg, the concentration of this toxicant increased from 0.057 to 0.136 mg/kg in barley grain, from 0.089 to 0.209 mg/kg in buckwheat grain, and from 0.076 to 0.364 mg/kg in wheat grain [25] . Cadmium can be characterized as an element of high adsorption intensity. The factor of biological adsorption of the element by steppe herbs was 2.52.
The biological adsorption factor was within the range from 0.97 (white lupine beans) to 10.8 (sunflower seeds) for the main products and from 0.41 (white lupine straw) to 4.63 (soya straw) for side products. The coefficient of biological adsorption of cadmium for the main products was higher than for side products for all cultures, except soya, which was primarily related to the higher ash content in side products (Table 5) . For the mean yield of winter wheat (3.5 t/ha at a standard water content of 14%), which was in Belgorod oblast in 2010-2014, the total cadmium removal with crop was 0.13 g/ha (together with straw, 0.37 g/ha). At the barley grain yield of 3 t/ha, the cadmium removal was 0.1 g/ha (together with straw, 0.26 g/ha); the sugar beet yield of 35 t/ha removed 0.35 g/ha cadmium (together with tops, 0.73 g/ha); the corn grain yield of 5 t/ha removed 0.18 g/ha cadmium (together with side products, 0.68 g/ha); the soya grain yield of 1.6 t/ha removed 0.10 g/ha cadmium (together with side products, 0.23 g/ha); the sunflower seed yield of 2.0 t/ha removed 0.16 g/ha cadmium (together with side products, 0.63 g/ha); CONCLUSIONS New data characterizing cadmium balance parameters have been obtained. In Belgorod oblast during 2010-2014, cadmium mainly came into agrocenoses with organic fertilizers (0.4 g/ha, or 73.9%) and ameliorants (0.116 g/ha, or 21.4%). In general, a negative balance of cadmium was created (-0.279 g/ha).
The lowest total content of cadmium in the A horizon (0.22 mg/kg) was noted in meadow-chernozemic soil (Greyzemic Stagnic Chernic Phaeozem (Clayic, Pachic)) developed on old alluvial calcareous deposits, and its highest content (0.42 mg/kg) was found in ordinary chernozem (Haplic Chernozem (Clayic, Pachic)), where loess-like clay is the main parent rock. Virgin leached chernozem (Luvic Сhernozem (Loamic, Pachic)) formed on loess-like loam, contained 0.33 mg Cd/kg in the A horizon, which almost coincided with the mean content of this element (0.32 mg/kg) in the plow layer of leached chernozems on reference plots.
In crop products, the mean content of cadmium was highest in sunflower seeds (0.086 mg/kg) and soya beans (0.072 mg/kg) and lowest in peas (0.032 mg/kg) and white lupine beans (0.013 mg/kg). The biological adsorption factor varied within the range from 0.97 (while lupine beans) to 10.8 (sunflower seeds) for the main products of agricultural crops and from 0.41 (while lupine straw) to 4.63 (soya straw) for side products.
No exceeding of the cadmium TPC was revealed in the studied soils or in crops.
